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Abstract: Nanocomposites with synergistic eﬀect are of great interest for their enhanced properties in a
given application. Herein, we reported the high catalytic activity of Pt-containing Ag2S-noble metal nanocom-
posites in formic acid oxidation, which is a key reaction in direct formic acid fuel cell. The electrochemical
measurements including voltammograms and chronoamperograms are used to characterize the catalytic prop-
erty of Pt-containing nanocomposites for the oxidation of formic acid. In view of the limited literatures on
using nanocomposites consisting of semiconductor and noble metals for catalyzing the reactions of polymer
electrolyte membrane-based fuel cells, this study provides a helpful exploration for expanding the application
of semiconductor-noble metal nanocomposites.
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Introduction
Platinum (Pt) nanoparticles are active electrocata-
lysts to facilitate both anodic and cathodic reactions
in polymer electrolyte membrane fuel cells (PEMFCs)
[1-3]. However, in methanol or formic acid-fed PEM-
FCs, the Pt catalysts usually suﬀer from the poisoning
at the anode by carbon monoxide (CO), which is an
intermediate product of the fuels [4-7]. Over the past
few decades, a number of strategies including the reduc-
tion of particle size, taking control of particle shape and
structure, and alloying with transitional metals [3,8-12],
have been successfully used to enhance the Pt electro-
catalytic activity and resistence to deactivation.
Our recent work demonstrated that the integration of
Pt with a suitable semiconductor might be an eﬀective
way to improve the catalytic property of Pt for PEMFC
reactions [13,14]. For example, in the Ag2S-noble
metal nanomaterials reports recently, the Pt-containing
nanocomposites were found to display excellent cat-
alytic activity for methanol oxidation, due to electron
donation from the semiconductor domains to the ul-
traﬁne Pt crystallites [13]. In addition, in core-shell
structured CdSe-Pt nanocomposites were obtained by
reducing platinum precursors by sodium citrate in the
presence of previously formed CdSe nanocrystals, and
the compressive strain eﬀect imposed from the CdSe
core on the deposited Pt shell results in an appropri-
ate downshift of the d band center of Pt catalysts,
which leads to the enhancement of the core-shell struc-
tured nanocomposites for catalyzing the oxygen reduc-
tion and methanol oxidation in direct methanol fuel
cells [14].
Herein, we reported our experimental extensions on
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the formic acid oxidation reaction (FAOR) using Pt-
containing Ag2S-noble metal nanocomposites as elec-
trocatalysts. Oxidation of Formic acid is a key reaction
of direct formic acid fuel cell (DFAFC) [15,16], in which
the low crossover rate of formic acid through the Naﬁon
membrane allows higher fuel concentrations to be used
than in the case of direct methanol fuel cell (DMFC)
[17]. In view of the quite limited literatures on using
nanocomposites consisting of semiconductor and noble
metals for PEMFC reactions, this study might be a




The reagents, if not indicated speciﬁcally, were from
Sigma-Aldrich; ethanol, and toluene were from Beijing
Chemical Works; bis (p-sulfonatophenyl) phenylphos-
phane dihydrate dipotassium salt (BSPP) was from
Strem Chemicals; and Vulcan XC-72 carbon powders
were from Cabot. All glassware and Teﬂon-coated mag-
netic stirring bars were cleaned with aqua regia, fol-
lowed by copious rinsing with de-ionized water before
drying in an oven.
Synthesis of Ag2S nanocrystals and Ag2S-noble
metal nanocomposites
The syntheses of Ag2S nanocrystals and Ag2S-noble
metal nanocomposites followed a protocol reported pre-
viously with modiﬁcations [13]. In a typical synthesis
of a hydrosol of monoclinic Ag2S nanocrystals, 600 mg
of BSPP was added to 300 mL of aqueous AgNO3 solu-
tion (1 mM). The mixture was stirred for 1 h, followed
by the prompt addition of 10 mL of aqueous Na2S solu-
tion (50 mM). A brownish hydrosol was obtained after
stirring the reaction mixture at room temperature for
4 h, indicating the formation of Ag2S nanocrystals.
A more simpliﬁed protocol was used to prepare Ag2S-
Pt and Ag2S-Au-Pt nanocomposites. In brief, 60 mL
of the Ag2S hydrosol was reﬂuxed at 110℃ for 3 min
in a 100-mL three-necked ﬂask equipped with a con-
denser and a Teﬂon-coated magnetic stirring bar. Next,
3 mL of aqueous sodium citrate solution (100 mM) was
added. The resulting mixture was reﬂuxed for 1 min
at 110℃, and then 1.2 mL of aqueous H2PtCl6 solution
(50 mM) or a mixture of 1.2 mL of aqueous HAuCl4
solution (50 mM) and 1.2 mL of aqueous solution of
H2PtCl6 (50 mM) were added swiftly. The reaction
mixture was continuously reﬂuxed for 2 h at 110℃ to
form a hydrosol of Ag2S-Pt or Ag2S-Au-Pt nanocom-
posite.
Ag2S-Au nanocomposites and pure Pt nanoparti-
cles with analogous size to the Pt domain in the Pt-
containing nanocomposites were also prepared for com-
parison. For Ag2S-Au, 60 mL of the Ag2S hydrosol was
reﬂuxed at 105℃ for 3 min, followed by the addition
of 3 mL of aqueous sodium citrate solution (100 mM).
The resulting mixture was reﬂuxed for 1 min at 105℃,
and then 1.2 mL of aqueous HAuCl4 solution (50 mM)
was added swiftly. The reaction mixture was continu-
ously reﬂuxed for 30 min at 105℃ to form a hydrosol
of Ag2S-Au nanocomposite. The tiny Pt nanoparticles
were prepared using an ethanol mediated phase transfer
protocol [18]. In a typical experiment, 50 mL of 1 mM
of aqueous H2PtCl6 solution was mixed with 50 mL of
ethanol containing 1 mL of dodecylamine. After 3 min
of stirring, 50 mL of toluene was added, and stirring
was continued for more than 1 minute. The Pt precur-
sors in toluene were separated from the aqueous phase,
and mixed with 3 mL of aqueous NaBH4 solution (100
mM). The mixture was agitated for several minutes to
form Pt organosol in toluene.
After preparation, the Ag2S-noble metal nanocom-
posites (Ag2S-Au, Ag2S-Pt, and Ag2S-Au-Pt) were also
transferred in toluene using the ethanol mediated phase
transfer method for the standardization of the particle
surface, which is important for further electrochemical
comparison. After the phase transfer treatment, the
Ag2S-noble metal nanocomposites and the monometal-
lic Pt nanoparticles would have the same stabilizer
molecules (dodecylamine) adsorbed on their surfaces.
In addition, the phase transfer of nanocomposites from
aqueous phase to a non-polar organic medium was con-
ducted since we experimentally found that the load-
ing eﬃciency of the particles on XC-72C carbon pow-
ders from the organic medium (∼99%) was much higher
than that from the aqueous phase (∼37%). Typically,
the Ag2S-metal hydrosol was mixed with an equal vol-
ume of ethanolic solution of dodecylamine (90 mM).
After 5 min of stirring, an equal volume of toluene
was added and stirred for 3 minutes. Phase transfer of
the Ag2S-metal nanocomposite from water to toluene
would then occur quickly and completely, leaving a
clear colorless solution in the aqueous phase.
Particle characterizations
Transmission electron microscopy (TEM) was per-
formed on a JEOL JEM-2100 electron microscope op-
erated at 200 kV with the software package for auto-
mated electron tomography. A drop of the nanoparticle
solution was ﬁrst dispensed onto a 3-mm carbon-coated
copper grid. Excessive solution was removed by an ab-
sorbent paper, and the sample was dried under vacuum
at room temperature. An EDX analyzer attached to
the TEM was used to analyze the components in sam-
ples. XPS analyses were conducted on an ESCALAB
MKII spectrometer (VG Scientiﬁc) using Al-K
α
radia-
tion (1486.71 eV). Samples for XPS were concentrated
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from the toluene solution of Pt nanoparticle or Ag2S-
metal nanocomposite to 0.5 mL using ﬂowing Ar. 10
mL of ethanol was then added to precipitate the parti-
cles, which were then recovered by centrifugation, and
washed with ethanol several times, and dried at room
temperature in vacuum.
Electrochemical measurements
Electrochemical measurements were carried out in a
standard three-electrode cell connected to a Bio-logic
VMP3 (with EC-lab software version 9.56) potentio-
stat. A leak-free Ag/AgCl (saturated with KCl) elec-
trode was used as the reference electrode. The counter
electrode was a platinum mesh (1× 1 cm2) attached to
a platinum wire.
For the loading of the Pt-containing nanocomposites
on Vulcan XC-72 carbon support, a calculated amount
of carbon powder was added to the toluene solution of
nanocomposites. After stirring the mixture for 24 h,
the nanocomposites/C (20 wt% Pt on carbon support)
was collected by centrifugation, and washed thrice with
methanol, and then dried at room temperature in vac-
uum.
The working electrode was a thin layer of Naﬁon-
impregnated catalyst cast on a vitreous carbon disk.
This electrode was prepared by ultrasonically dispers-
ing 10 mg of the nanocomposites/C in 10 mL of aque-
ous solution containing 4 mL of ethanol and 0.1 mL of
Naﬁon. A calculated volume of the ink was dispensed
onto the 5 mm glassy carbon disk electrode to produce a
nominal catalyst loading of 20 μg cm−2 (Pt basis). The
carbon electrode was then dried in a stream of warm
air at 70℃ for 1 h.
The catalyst performance in room-temperature
formic acid oxidation reaction (FAOR) was measured
by cyclic voltammetry. For these measurements, the
potential window of 0 V to 1 V was scanned at 20
mV s−1 until a stable response was obtained, before
the voltammograms were recorded. The electrolyte was
formic acid (1 M) mixed in perchloric acid (0.1 M).
Results and discussion
Nanocomposites of Ag2S and noble metals (Au,
Pt)
The as-prepared Ag2S nanocrystals, which were used
as seeds for the subsequent deposition of diﬀerent met-
als, were shown by the TEM image in Fig. 1(a). The
nanocrystals were spherical, nearly monodispersed, and
had an average size of 8.4 nm. The high-resolution
TEM (HRTEM) image (Fig. 1(b)) illustrated the lat-
tice planes in these nanocrystals, conﬁrming that these
Ag2S particles were of high crystallinity.
As schematically shown in Fig. 2(a) and 2(b), the re-
duction of metal precursors (Au and Pt) in the presence
of preformed Ag2S nanocrystals resulted in the hetero-
geneous deposition of nobel metals on the surface of
Ag2S. The obtained nanocomposites were illustrated in
Fig. 3(a) and 3(c). The deposition of noble metals on
the Ag2S nanocrystals was clearly identiﬁed via bright-
ness contrast, and conﬁrmed by the energy-dispersive
X-ray (EDX) analyses (Fig. 3(b) and 3(d)). In addi-
tion, Fig. 3(a) and 3(c) illustrated that gold was de-
posited only at a single site on each Ag2S nanocrystal,
whereas the nucleation and growth of Pt occurred at




Fig. 1 TEM (a) and HRTEM (b) image of the as-prepared

























Fig. 2 Schematic illustration to show the heterogeneous
deposition of noble metals on the surface of Ag2S nanocrys-
tals: (a) Ag2S-Au; (b) Ag2S-Pt; (c) Ag2S-Au-Pt.
The diﬀerent features of Au and Pt deposition on
Ag2S nanocrystal could be further employed to in-
tegrate Au, Pt, and Ag2S into a single nanosystem.
Diﬀerent from the successive synthesis reported pre-
viously [13], the ternary Ag2S-Au-Pt nanocomposites
were prepared by co-reduction of HAuCl4 and H2PtCl6
metal precursors using citrate in the presence of pre-
formed Ag2S nanocrystals (Fig. 2(c)). Fig. 3(e) was the
TEM image of the as-prepared Ag2S-Au-Pt nanocom-
posites. In comparison with the TEM images of
Fig. 3(a) and 3(c), the domains with enhanced con-
trast and larger particle size (∼3 nm) in the nanocom-
posites could be indexed to gold, whereas Pt metal
in the same nanocomposites appeared as smaller dots
(∼1 nm). The presence of Au, Pt, and Ag2S in the
nanocomposite particles was conﬁrmed by the EDX
254
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Fig. 3 TEM images (a,c,e,g) and corresponding EDX spectra (b,d,f,h) of Ag2S-Au (a,b), Ag2S-Pt (c,d), Ag2S-Au-Pt
nanocomposites (e,f), and pure Pt nanoparticles (g,h). Insets are the HRTEM images of an individual particle.
analysis (Fig. 3(f)). Fig. 3(g) and 3(h) showed the
TEM image and EDX analysis of the pure Pt nanoparti-
cles derived from an ethanol mediated transfer method,
which had analogous size (1.4 nm) to the Pt domains
in the nanocomposites.
Electrochemical measurements of Pt-containing
nanocomposites for oxidation of formic acid
The Ag2S-noble metal nanocomposites (Ag2S-Au,
Ag2S-Pt, and Ag2S-Au-Pt) and pure Pt nanoparticles
were examined for their electrocatalytic activities for
the formic acid oxidation reaction (FAOR) at room
temperature. The voltammograms of formic acid ox-
idation in Fig. 4(a) were obtained in the potential win-
dow of 0-1 V at a scan rate of 20 mV s−1. The cur-
rent densities in the voltammograms were normalized
with the geometric area of the glassy carbon electrode.
The peak current densities of these catalysts associated
with formic acid oxidation in the forward and reverse
scans were 70.2 mA cm−2 and 193.1 mA cm−2 for Pt,
255
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167.7 mA cm−2 and 300.4 mA cm−2 for Ag2S-Pt, 225.3
mA cm−2 and 427.6 mA cm−2 for Ag2S-Au-Pt, respec-
tively. The Ag2S-Au nanocomposites did not display
catalytic activity for FAOR. The comparison in current
densities indicated that the Ag2S-Au-Pt nanocompos-
ites had higher activity for formic acid oxidation than
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Fig. 4 Cyclic voltammograms of pure Pt nanoparticles and
Pt-containing nanocomposites in argon-purged HClO4 (0.1
M) with 1 M formic acid (a); and chronoamperograms of
pure Pt nanoparticles and Pt-containing nanocomposites at
0.4 V vs. Ag/AgCl at room temperature in argon-purged
HClO4 (0.1 M) with 1 M formic acid (b).
Analogous to the superior catalytic activity of the
Pt-containing nanocomposites for methanol oxidation
[13], the enhanced catalytic activity of the Ag2S-Au-Pt
nanocomposites for FAOR could also be attributed to
the electronic coupling between the diﬀerent domains
in the nanocomposites. The XPS Pt 4f spectra of the
Pt-containing nanocomposites (Ag2S-Pt, Ag2S-Au-Pt)
and pure Pt nanoparticles were analyzed. As shown in
Fig. 5, the Pt 4f spectra can be deconvoluted into two
pairs of doublets, in which the more intense doublet
(at 70.0 eV and 73.3 eV for pure Pt, 69.5 eV and 72.8
eV for Ag2S-Pt, 69.1 eV and 72.4 eV for Ag2S-Au-Pt)
corresponded to Pt zero valent metal, while the sec-
ond and weaker doublet, with binding energies of ∼1.4
eV higher than those of Pt metal, could be assigned to
Pt2+ as in PtO and Pt(OH)2 [19]. Compared with the
Pt 4f7/2 and 4f5/2 binding energies of pure Pt nanopar-
ticles, an appreciable shift to lower values was observed
in the Ag2S-Pt and Ag2S-Au-Pt nanocomposites, sug-
gesting that electrons were transferred to Pt from other
domains of the nanocomposites. The comparison of
the Pt 4f XPS spectra of Ag2S-Pt and Ag2S-Au-Pt
nanocomposites further revealed that the presence of
the Au domain could promote this electron-donating ef-
fect. This electron-donating eﬀect to Pt domains might
be induced by intra-particle charge transfer. Analo-
gous charge transfer has been observed in the core-shell
Au@PbS system, whereby the electrons transfer from
PbS shell to the inner Au core resulted in the n-type to
p-type change in hydrazine-treated PbS [20]. The elec-
tron ﬂow from Au and Ag2S to the neighboring Pt do-
mains due to the alignment of energy levels was believed
to result in a substantial increase in the electron den-
sity around the Pt sites, which weakens the chemisorp-
tion of CO (a FAOR intermediate product and catalyst
inhibitor) and hence promotes the FAOR. The long-
term performance of pure Pt and Pt-containing Ag2S-
metal nanocomposites in formic acid oxidation was il-
lustrated in the chronoamperograms of Fig. 4(b). The
slower rate of decay for the Pt-containing nanocompos-
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Fig. 5 4f XPS spectra of Pt in pure Pt nanoparticles (a);
Ag2S-Pt (b); and Ag2S-Au-Pt nanocomposites (c).
Conclusions
In summary, we have demonstrated an aqueous strat-
egy for the synthesis of Pt-containing Ag2S-noble metal
nanocomposites, which involved the preparation of
Ag2S nanocrystals in aqueous phase, followed by the
reaction or co-reduction of Au and Pt metal precur-
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sors with sodium citrate in aqueous phase. The Pt-
containing nanocomposites displayed highly enhanced
activity for catalyzing the formic acid oxidation reac-
tion at room temperature due to the strong electronic
coupling eﬀect between the diﬀerent domains in the
nanocomposites. By optimizing the domain sizes for
the nanocomposite system through varying the ratio
of metal precursor to semiconductor seeds in the syn-
thesis, further enhancement in FAOR activity could be
expected.
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